In order to realize superconductivity in cuprates with the T'-type structure, not only chemical substitution (Ce doping) but also post-growth reduction annealing is necessary. In the case of thin films, however, well-designed reduction annealing alone without Ce doping can induce superconductivity in the T'-type cuprates. In order to unveil the origin of superconductivity in the Ce-undoped T'-type cuprates, we have performed bulk-sensitive hard x-ray photoemission and soft x-ray absorption spectroscopies on superconducting and non-superconducting Nd2−xCexCuO4 (x = 0, 0.15, and 0.19) thin films. By post-growth annealing, core-level spectra exhibited dramatic changes, which we attributed to the enhancement of core-hole screening in the CuO2 plane and the shift of chemical potential along with changes in the band filling. The result suggests that the superconducting Nd2CuO4 film is doped with electrons and that the electronic states are similar to those of Ce-doped superconductors.
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High-temperature superconductivity is realized by electron doping into the parent material Ln 2 CuO 4 (Ln: rare earth) with the T'-type structure, where Cu takes the square-planar coordination, and Ln 2 CuO 4 has been widely considered to be an antiferromagnetic (AFM) Mott insulator. Generally, electron doping by substituting Ce
4+
for Ln 3+ alone cannot induce superconductivity in bulk crystals of the T'-type cuprates, and an additional procedure of post-growth annealing in a reducing atmosphere is required [1] . It has been believed that impurity oxygen atoms which occupy the apical sites have to be removed by the reduction annealing [2, 3] . The reduction of the small amount of apical oxygen atoms dramatically suppresses the AFM (long/short-range) order [4, 5] and reduces quasi-particle scattering [6] , inducing superconductivity in the Ce-doped samples.
Furthermore, it has been demonstrated that thin films of T'-type cuprates can exhibit superconductivity without any Ce doping when properly annealed [7] [8] [9] [10] . The large surface-to-volume ratio of thin films helps the thorough removal of impurity oxygen atoms. The observation has cast doubt on the fundamental assumption that the parent compound of the cuprate superconductor is an AFM Mott insulator. Theoretical studies using the local density approximation plus dynamical mean field theory (LDA+DMFT) have indeed predicted that the parent compound of the T'-type cuprates is not a Mott insulator but a Slater insulator in the sense that the AF order is necessary to open the insulating band gap [11] [12] [13] . However, there is a possibility that oxygen reduction affects the carrier concentration. In fact, annealing-induced changes in the Néel temperature [14] and those in the optical conductivity [15] for bulk Nd 2−x Ce x CuO 4 crystals have been interpreted as due to the doping 0.03-0.05 electrons per Cu. Indeed, our recent angle-resolved photoemission spectroscopy (ARPES) study on Pr 1.3−x La 0.7 Ce x CuO 4 bulk single crystals [5] as well as recent ARPES studies on Pr 1−x LaCe x CuO 4 bulk single crystals by Song et al. [16] and insulating T'-type La 2 CuO 4 thin films by Wei et al. [17] have shown that the electron concentrations of annealed samples estimated from the Fermi surface area are larger than that expected from the Ce concentrations. In order to understand the electronic states of the Ceundoped thin films, it is of great importance to unveil the electron concentration of the superconducting (SC) and non-superconducting (non-SC) Ce-undoped samples.
In order to elucidate the effect of annealing on the electron doping level, systematic studies of thin film samples with various Ce concentrations and reduction/oxidation treatments are necessary. However, ARPES measurements on such thin films are hampered by the lack of an in-situ ARPES measurement system combined with a molecular beam epitaxy (MBE) apparatus for the T'-type cuprates, which makes ARPES-quality surfaces available. This is because ARPES is a surface-sensitive technique. In this Letter, we report on measurements of bulk-sensitive hard x-ray photoemission spectroscopy (HAXPES) and soft x-ray absorption spectroscopy (XAS) of SC and non-SC Nd 2−x Ce x CuO 4 thin films annealed or oxidized under various atmosphere. By HAXPES, one can measure corelevel shifts and hence the chemical potential shift, which directly probes the doped electron concentration. By annealing Nd 2 CuO 4 , we observed dramatic changes both in the spectral line shapes and the peak positions of core levels, which can be accounted for by the strong modification of core-hole screening in the Ce-undoped T'-type cuprates are doped with a significant amount of electrons.
Nd 2−x Ce x CuO 4 (x = 0, 0.15, and 0.19) thin films with the thicknesses of 200 nm, 100 nm, and 100 nm, respectively, were grown on SrTiO 3 (001) substrates by MBE. For Nd 2 CuO 4 , we prepared three kinds of films: as-grown, weakly-annealed, and annealed films, among which only the annealed film showed superconductivity with T c = 25.0 K. Ce-doped films were SC without exsitu annealing in a tubular furnace with the T c 's of 24.0 K and 21.5 K for x = 0.15 and for x = 0.19, respectively. Oxidized non-SC films were also prepared for both the compositions. Conditions of annealing and oxidization are described in Supplementary Information. The resistivity curves and the c-axis lengths of all the films are plotted in Fig. 1 . The difference in the c-axis length between the SC and non-SC films in Fig. 1(d) may largely originate from the difference in the amount of apical oxygen atoms [8] [9] [10] . HAXPES measurements were performed at beamline 47XU of SPring-8 at T = 300 K with hν = 7.94 keV photons. The total energy resolution was set at 0.3 eV. XAS measurements were performed in the total electron yield mode at beamline 07LSU of SPring-8 at T = 300 K under the pressure better than 5 × 10 −9 Torr. Two kinds of linearly polarized light, with polar angle θ = 90
• (E ⊥ c) and θ = 30
• , were used for the measurements. Experimental geometries are described in more detail in Supplementary Information. 
XAS spectra of Nd2CuO4 thin films. (a) Cu L3-edge XAS spectra for x-ray polarizations E ⊥ c (top) and E c (bottom). The spectra have been normalized to the intensity of the Nd M4,5 XAS peak at 978 eV. (b) O K-edge XAS spectra for E ⊥ c and normalized to the intensity integrated from 532 eV to 540 eV.
into the 3d x 2 −y 2 orbital is three times larger than that into the 3d 3z 2 −r 2 orbital, while the polarization parallel to the c axis (E c, θ = 0 • ) allows only the transition into the 3d 3z 2 −r 2 orbital (See Supplementary Information). While the XAS spectra for E ⊥ c show an intense peak at ∼ 930 eV and its intensity decreases with annealing by 30 %, suggesting the reduction of unoccupied DOS near E F as reported for Ce-doped samples [18] [19] [20] [21] , spectra for E c are negligibly weak. The ratio of the 3d 3z 2 −r 2 weight to the 3d x 2 −y 2 weight in the lowest-energy peak is as small as 4 % and 2 % for as-grown and annealed Nd 2 CuO 4 , respectively, in agreement with the values reported in previous studies [19, 20] . Therefore, the 3d 3z 2 −r 2 orbitals are almost completely filled regardless of whether annealed or not, and additional electrons go to the 3d x 2 −y 2 orbitals by annealing. On the other hand, as shown in Fig. 2(b) , the pre-edge peak (∼ 529 eV) in O K-edge XAS measured with E ⊥ c, which represents the transition from O 1s to in-plane O 2p orbitals hybridized with the upper Hubbard band, shows only a slight change (5 %) in contrast to Cu L 2,3 -edge XAS for E ⊥ c. This agrees with the changes observed by Ce doping in the previous studies and suggests that the orbital character of the upper Hubbard band is dominated by 3d x 2 −y 2 [18] [19] [20] 22] .
The effect of annealing is also remarkable in HAXPES spectra. Figure 3 shows the Cu 2p 3/2 core-level HAXPES spectra of the as-grown and annealed Nd 2 CuO 4 films normalized to the total intensity in the displayed region. The main peak around 934 eV consists of four features reflecting different types of core-hole screening. As has been discussed for the Cu 2p spectrum of insulating cuprates such as La 2 CuO 4 [23, 24] and Sr 2 CuO 2 Cl 2 [25, 26] analyzed using multi-site cluster calculation, the peak at the highest binding energy (E B = 940-947 eV) is the satellite due to the 2p 5 3d 9 final state with an unscreened core hole. In the main peak region (E B = 930-939 eV), the highest binding energy peak corresponds to the 2p 5 3d 10 L final state, where an electron is transferred from the neighboring oxygen atoms (local screening) leaving a hole in the oxygen ligand orbital L, and the two peaks in the middle to the final state where an electron is transferred from oxygen in the neighboring CuO 4 plaquettes thereby creating a Zhang-Rice singlet in the plaquettes (non-local screening). Apart from peak A at the lowest binding energy which we shall discuss below, the line shape of the main peak resembles those of the other insulating cuprates with two-dimensional CuO 2 planes, consistent with the previous proposal for the core-hole screening processes in the two-dimensional Cu-O network [26] .
Upon annealing, peak A is strongly enhanced and the entire line shape of the main peak dramatically changes. The binding energies of the charge-transferred final state are determined by the energy levels of the electronic states from which the electron is transferred to screen the corehole potential. Therefore, the enhancement of the lowest energy peak indicates the development of electronic states closest to the Fermi level (E F ) [23, 27] and is attributed to final states where the core hole is screened by conduction electrons. The observed changes in the present Cu 2p spectra therefore suggest that conduction electrons were introduced by annealing, consistent with the occurrence of superconductivity observed in the annealed Nd 2 CuO 4 .
The effect of annealing on the Nd and O core levels of Nd 2 CuO 4 thin films is shown in Fig. 4 . Upon annealing, the Nd 3d 5/2 peak was shifted toward higher binding energy by 0.22 eV [ Fig. 4(a) ]. As for the O 1s peak, a shift of similar amount (0.21 eV) was observed at the edge, but the spectral line shape is also modified by annealing: the full width at half maximum (FWHM) decreased from 1.44 eV to 1.16 eV and a long high binding energy tail emerges above ∼ 529.5 eV [Fig. 4(b) ]. Such changes have been overlooked in the doping and annealing dependence of the O 1s photoemission spectra of Nd 2−x Ce x CuO 4 in previous studies [28, 29] . In order to disentangle this complicated spectral deformation, the O 1s spectra has been analyzed as follows: The peak region of the O 1s spectrum of the as-grown film is rather flat, implying unresolved two peaks with similar intensities. We attribute them to oxygen atoms in the Nd 2 O 2 layers (O Nd2O2 ) and those in the CuO 2 planes (O CuO2 Fig. 4(c) , consistent with the initial assumption that each O 1s spectrum consists of two components arising from O CuO2 and O Nd2O2 (For more details about the fitting procedure, see Supplementary Information). The present analysis thus enables us to identify the effect of annealing on the two O 1s core levels separately: The O Nd2O2 peak was shifted by 0.22 eV toward higher binding energy, and the O CuO2 peak became strongly asymmetric (represented by the increase of asymmetry parameter α from 0.03 to 0.75). Since a finite density of states at E F leads to a peak asymmetry, the strong asymmetry of the O CuO2 peak in the annealed Nd 2 CuO 4 film is consistent with the dramatic enhancement of the electrical conductivity by annealing. Another remarkable point is that annealing shifted the O Nd2O2 1s peak by almost the same amount as the Nd 3d 5/2 peak without appreciable changes in the line shapes.
The shift of the core-level binding energy is given by [30] 
where ∆µ is the change in the chemical potential, ∆Q is the change in the number of valence electrons, K is a constant, ∆V M is the change in the Madelung potential, and ∆E R is the change in the extra-atomic screening of the core-hole potential by conduction electrons and/or dielectric polarization of surrounding media. Almost identical shifts observed for the Nd 3d and O Nd2O2 1s core levels indicate that ∆V M is negligibly small because it would shift the core levels of the O 2− anion and the Nd 3+ cation in different ways. ∆E R cannot be the main origin of the observed shifts, either because the increase of conduction moved from the regular sites (in the CuO 2 plane and/or the Nd 2 O 2 layer). Although annealing is intended to remove excess oxygen atoms at the apical site [2, 3] , oxygen could also be removed from the regular site, as reported by Raman studies [31, 32] , leading to the total oxygen content less than the stoichiometric one. On the other hand, upon oxidization of Nd 2−x Ce x CuO 4 (x = 0.15), chemical potential was shifted downwards as can be seen in Fig. 5(a) . This may be because the SC x = 0.15 film was already oxygen deficient and the defects were filled by oxidization. Consequently, the band filling of the T'-type cuprates is not determined by the Ce substitution alone but by the combined effect of Ce substitution and oxygen defects and, therefore, the phase diagram for this system should be made as a function of actual band filling, rather than as a function of Ce concentration. The oxidization process also introduced excess apical oxygen atoms, as suggested by the c-axis elongation [ Fig. 1(d)] , and the x = 0.15 film turned non-SC.
In Fig. 5(c) , the T c values of Nd 2−x Ce x CuO 4 thin films are thus plotted against chemical-potential shift, which represents the electron concentration. The T c values are not solely determined by the electron concentration since x = 0.19 films can be either SC or non-SC without a significant change in the electron concentration. The elongation of the c-axis lattice parameter by oxidization is rather small for the x = 0.19 film (0.06 %) compared to that for x = 0.15 film (0.12 %), indicating a tiny amount of oxygen incorporation by oxidization suppresses superconductivity as shown in Fig. 1(c) . This observation suggests that a tiny amount of impurity apical oxygen atoms indeed has strong pair-breaking effect and deteriorates superconductivity [6] . While oxygen deficiency at the regular sites increases the electron concentration, excess oxygen atoms at the apical site immediately destroy superconductivity.
The electronic structure of the T'-type cuprates are thus dominated not only by Ce concentrations but also by oxygen non-stoichiometry.
In conclusion, we have performed HAXPES and XAS measurements on Nd 2−x Ce x CuO 4 (x = 0, 0.15, and 0.19) thin films with varying annealing atmosphere, and observed changes in the band-filling level among them. The electronic structure of SC Nd 2 CuO 4 was found to be quite similar to those of Ce-doped superconductors as the electrons were doped into the thin films by annealing probably through the creation of oxygen defects. Since the electron concentration and superconductivity of the T'-type cuprates are significantly affected by oxygen nonstoichiometry, the electronic structure should be discussed based on the actual electron concentration and oxygen occupancies rather than solely the Ce concentration. 
Experimental geometry
The experimental geometry of hard x-ray photoemission spectroscopy (HAXPES) is described in Supplementary Fig. 1(a) . Measurements were performed with linearly polarized light with grazing incidence to maximize the photoemission intensity [1] , and normally emitted photoelectrons were analyzed. Typical probing depth λ is ∼ 8 nm. Measurements of soft x-ray absorption spectroscopy (XAS) were carried out in the total electron yield mode using two kind of linearly polarized light, with polar angle θ = 90
• , as schematically illustrated in Supplementary Fig. 1(b) . Typical probing depth λ is ∼ 5 nm. Supplementary Fig, 3(a) . Not only the Nd 3d and O 1s core-level peaks, but also the Ce 3d peaks are shifted by the same amount for every film (The origins of the shifts of the Ce 3d were set at the Nd 3d shift for the x = 0.15 oxidized film.), confirming that those core-level shifts corresponds to the chemical-potential shift.
While the Nd, O, and Ce core levels were shifted by a few hundreds meV, the shifts observed for the edge of the lowest energy peak in the Cu 2p core-level spectrum was rather small as plotted in Supplementary Fig. 3 . Considering that the lowest energy peak corresponds to the final state where a core hole is screened by conduction electrons, the behavior can be understood within a simple Kotani-Toyozawa picture [7] . When the chemical potential is shifted, core-hole energy increases accordingly, but energy gain by transferring an
